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Summary 
The targeting of sensory afferent neurons in the leech 
CNS occurs in two discrete steps that are mediated 
via different carbohydrate recognitions, as shown by 
molecular perturbations of cultured embryos. A con- 
stitutive carbohydrate marker that is generic to all of 
these neurons mediates their initial defasciculation 
and arborization across the entire target region via 
mannose-specific recognition. Subsequently, two sub- 
sets of these same neurons can be differentiated by 
their expression of other markers that are located on 
hybrid or complex type carbohydrate chains. These 
developmentally regulated carbohydrate markers then 
mediate the target assembly of their respective neu- 
ronal subsets into discrete subregions. Thus, by per- 
forming opposing functions in a temporal sequence, 
constitutive and developmentally regulated carbohy- 
drate markers collaborate in the targeting of neuronal 
subsets in the CNS. 
Introduction 
Neuronal connections in marly sensory systems are 
formed as the initially diffuse axonal innervation of a target 
region is sculpted or structuralized into columns, layers, 
or other subregions. The underlying mechanisms are cur- 
rently under investigation in many different neurobiologi- 
cal systems (Shatz, 1990; Constantine-Paton et al., 1990; 
Cox et al., 1990; Roskies and O'Leary, 1994). Here, we test 
the idea that surface carbohydrates, which mark functional 
sets of neurons, act as recognition molecules helping neu- 
rons to choose their targets. Previously, it had been diffi- 
cult to determine the role of specific neuronal carbohy- 
drate markers, presumably because they are expressed 
on neurons only as long as the nervous system remains 
intact. Partially deafferented neurons in brain slices or iso- 
lated neurons in dissociated culture lose their normal car- 
bohydrate markers and instead express anachronistic 
surface carbohydrates that can resemble those of undiffer- 
entiated neuroblasts (Naegele and Katz, 1990; Dodd and 
Jessell, 1985; Oudega et al., 1992; Barakat et al., 1989). 
Therefore, we have developed the cultured leech embryo 
as a model system in which the role of normally differentiat- 
ing glycoconjugates marking functional sets and subsets 
of neurons can be studied in a virtually intact CNS. 
Like their vertebrate counterparts (Dodd and Jessell, 
1985; Riddle et al., 1993; Scott et al., 1990a; Schwarting 
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et al. 1992; Key and Akeson, 1991), functional sets and 
subsets of leech sensory afferents can be distinguished 
by their different carbohydrate markers (Zipser et al., 1994; 
Peinado et al., 1990). The full set of leech sensory afferent 
neurons can be identified via a mannose-containing epi- 
tope, their generic marker carbohydrate epitope 0 (CE0). 
Disjoint subsets of these same neurons correlating with 
different sensory modalities can be identified via three 
other carbohydrate epitopes, the subset markers CE1, 
CE2, and CE3. During the early steps of neuronal targeting 
investigated here, all of these neuronal markers are lo- 
cated on N-linked glycoconjugates of 130 kDa surface pro- 
teins (Bajt et al., 1990; McGlade-McCulloh et al., 1990). As 
we demonstrated in previous studies (Zipser et al., 1989; 
Zipser and Cole, 1991), sensory afferents use their man- 
nose-containing marker, CE0, to defasciculate and arbo- 
rize across their target regions in the CNS neuropil, the 
sensory neuropil. Here, we report that in contrast to the 
constitutive full-set marker, the expression of subset mark- 
ers on these sensory afferents is developmentally regu- 
lated. Furthermore, we provide three lines of experimental 
evidence that, in contrast to the full-set marker, these de- 
velopmentally regulated subset markers have the oppos- 
ing role of restricting their respective neuronal subset into 
discrete subregions of sensory neuropil. 
Results 
We are investigating the physiological function of cell 
type-specific carbohydrate markers using leech sensory 
afferents as a model system (Figure 1A). The cell bodies 
of these sensory neurons are born in sensory organs or 
sensilla and project their axons through peripheral nerves 
into the CNS, where they connect with their postsynaptic 
partners. In these studies, we are using the emerging orga- 
nization of the target region of the sensory afferents in the 
CNS as a morphological indicator for the establishment 
of synaptic connectivity. The full set and subsets of these 
neurons were stained or experimentally manipulated with 
monoclonal antibodies (MAbs) that are reactive with their 
different surface carbohydrate markers. These carbohy- 
drate markers are located on N-linked glycoconjugates of 
130 kDa surface proteins during the neuronal targeting 
steps studied here (Bait et al., 1990; McGlade-McCulloh 
et al., 1990). Among multiple copies of MAbs generated 
against leech antigen (Zipser and McKay, 1981; Flaster 
et al., 1983; Hogg et al., 1983; Peinado et al., 1987), we 
selected Lan3-2 as a probe for CE0, the carbohydrate 
marker shared by the full set of sensory afferents. Laz2- 
369 and Laz7-79 were selected as probes for CE1 and 
CE2, the carbohydrate markers of two disjoint subsets of 
sensory afferents, and are referred to by the names of 
their respective epitopes (CE0, CE1, and CE2 antibodies). 
Using a confocal microscope, we collected single optical 
sections at 1 I~m intervals throughout he depth of the 
target region of the sensory neurons (10-15 ~m) in the 
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Figure 1. Sequential Expression of Different Carbohydrate Markers on Differentiating Leech Sensory Afferent Neurons 
(A) A low power confocal image of a left hemisegment of an embryo stained for the full set of sensory afferents via CE0, their constitutive marker. 
The peripheral cell bodies of sensory neurons are located in a sensillum in the skin and project their axons as a tightly fasciculated bundle into 
the CNS ganglion, where they assembly in their target regions in the sensory neuropil. Bar, 20 rtm. 
(B) The sequential expression of carbohydrate markers is illustrated by double-labeling 9 clay and 11 day embryos for both the full set marker, 
CE0, and a subset marker, CE1, using immunofluorescence. Processes displaying these carbohydrate markers are illustrated in high power optical 
sections through the left sensory neuropil of ganglion 15. Top panels show that by embryonic day 9, CE0 axons enter the CNS, defasciculate, 
and diffusely arborize across the target region in the ipsilateral neuropil (arrow). By embryonic day 11, a larger number of CE0 processes are 
present. Some of the CE0 processes are densely grouped (asterisk), whereas others are still dispersed as separately extending projections (arrow). 
Bottom panels show that by day 11, CE1 is coexpressed on those processes that have become densely grouped into a subregion (asterisk). 
However, none of the separately extended projections, identified on day 9 and 11 by CE0, expresses CE1. The temporal sequence ofexpression 
of CE0 and CE1 was verified in 90 embryos. Bar, 5 p.m. 
(C) The appearance of the CE1 and CE2 subsets in the 32 segmentally reiterated CNS ganglia were studied in 9-13 day embryos. At embryonic 
day 10, the CE1 subset (squares) and the CE2 subset (closed circles) have appeared in the 11 anterior ganglia, which include head ganglia 
1-4 and the first 7 midbody ganglia. Between day 10 and 13, CE1 and CE2 subsets appear in the remainder of the midbody ganglia. After day 
13, they appear in the 7 tail ganglia (data not shown). 
CNS. These single sections were projected onto a single 
plane to reconstruct and measure the perturbations of neu- 
ronal targeting due to molecular manipulations. 
Developmentally Delayed Expression of Subset 
Carbohydrate Markers 
The sequential expression of carbohydrate markers by 
differentiating sensory afferents is found by double- 
labeling embryos for both the full-set marker, CE0, and 
the subset markers, CE1 and CE2, using direct immunoflu- 
orescence. Sensory afferent projections displaying CE0 
and CE1 are illustrated in optical sections through the left 
sensory neuropil of an embryonic CNS ganglion in the 
midbody region. Because of its constitutive expression, 
CE0 serves as a marker for all of these sensory neurons 
that track through peripheral nerves in a tight bundle and 
then, upon entering the CNS, defasciculate and arborize in 
the ipsilateral neuropil (Figure 1 B, arrow in top left panel). 
Proliferating sensory afferents continue to invade the CNS 
and therefore populate the sensory neuropil more exten- 
sively by embryonic day 11 (Figure 1B, top right panel). 
Some of these CE0-1abeled processes are now densely 
grouped (asterisk), whereas others are still dispersed 
as separately extending projections (arrow). Densely 
grouped processes have begun to coexpress the subset 
marker CE1 and occupy a subregion that we refer to as 
the CE1 target region (Figure 1B, asterisk in bottom right 
panel). However, none of the separately extending projec- 
tions, identified on day 9 and 11 by the full-set marker CE0 
(Figure 1B, arrows in both top panels), coexpress CE1 
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(both bottom panels). Thus, the transition of diffuse sen- 
sory arbors to a compact, structuralized pattern is accom- 
panied by the developmentally regulated onset of expres- 
sion of subset marker CEI. As demonstrated here, the 
targeting of sensory afferents can be subdivided into two 
steps on the basis of concomitant changes of morphologi- 
cal distribution and carbohydrate xpression. 
To compare the developmemal regulation of the two 
different subset markers CE1 and CE2, we determined 
the onset of their expressions in the segmentally reiterated 
ganglia of the leech CNS. We found that the two different 
subsets appear along similar rostrocaudal gradients (Fig- 
ure 1C). Between embryonic day 9 and 10, CE1 and CE2 
subsets are only detected in the more anterior ganglia; 
between embryonic days 11 and 12, CE1 and CE2 subsets 
appear in the center of the ganglionic hain in the midbody 
region that, according to many previous studies, is not 
specialized to subserve region-specific behaviors, e.g. re- 
productive function (Zipser, 1979a, 1979b). The develop- 
mental functions of the CE1 and CE2 subset markers 
were analyzed in these stereotypic midbody ganglia (see 
below). 
To determine the spatial relationship of the two disjoint 
subsets during early embryogenesis, we double-labeled 
leech embryos with monoclonal antibodies recognizing 
their different carbohydrate markers. The larger CE1 sub- 
set was stained with 5-carboxyfluorescein succinimidyl es- 
ter (FITC),labeled CE1 antibody, whereas the smaller CE2 
subset was stained with 5-carboxytetramethylrhodamine 
(RITC)-Iabeled CE2 antibody. The projections of these 
subsets were recorded in the left half of the neuropil of 
embryonic ganglia optically sectioned at I t~m increments, 
and the images presented by overlaying 12 serial sections 
(Figures 2A and 2B). The overlap between the two subsets 
is diagramatically represented (Figure 2C), demonstrating 
that much of the CE2 target region coincides with the lat- 
eral aspect of the CE1 target region. The degree to which 
the smaller CE2 subset spatially overlaps with the larger 
CE1 subset was separately measured at each focal plane 
(n = 15 ganglia) and found to be 82%. 
The spatial overlap between the two subsets takes place 
in the center of the sensory neuropil, whereas the lateral 
and medial edges of the sensory neuropil are restricted 
to CE1 and CE2 subsets, respectively. This indicates that 
the extensive spatial overlap of the two disjoint subsets 
during early embryogenesis does not result from the scat- 
tering of their projections across a common target region, 
but rather that each subset maintains a distinct domain. 
Analysis of Neuronal Targeting Using 
Molecular Perturbations 
Previously, we provided evidence that the full-set marker 
plays a significant role during the first targeting step of 
sensory afferents by mediating their defasciculation and 
arborization via a mannose-specific recognition (Zipser et 
al,, 1989; Zipser and Cole, 1991), Axons that projected 
into the CNS during experimental manipulation with CE0 
Fab fragments, N-glycanase, or multivalent mannose did 
not undergo their normal defasciculation and arboriza- 
tion. In addition, defasciculated, arborized projections of 
A 
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Figure 2. Distributions of CE1 and CE2 Subsets in the Embryonic 
Sensory Neuropil 
The spatial overlap of the target regions of CE1 and CE2 subsets 
during early embryogenesis was determined by double-labeling 12
day old embryos with MAbs. The CE1 subset was labeled with FITC- 
conjugated CE1 MAb, whereas the CE2 subset was labeled with RITC- 
conjugated CE2 MAb. The sensory neuropil of the double-labeled m- 
bryos was optically sectioned under the confocal microscope at 1 p.m 
steps; the confocal images hown in (A) and (B) are the sum of 12 
serial sections. (C) is a diagramatic presentation of the superimposed 
CE1 and CE2 subsets in an RGB image. 
(A) The CE1 subset occupies a large subregion i  the sensory neuropil. 
(B) The CE2 subset occupies a smaller subregion. 
(C) The spatial overlap of the FITC- and RITC-labeled subsets is shown 
diagramatically, with the CE1 subset in light grey, the CE2 subset in 
black, and their area of overlap in dark grey; 82% of the target region 
occupied by the CE2 subset overlaps with that of the CE1 subset. Bar, 
10 p.m. 
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B Figure 3. Targeting of Neuronal Subsets Me- diated by Their Developmentally Regulated 
Carbohydrate Markers 
(A) Diagram of the assembly of the CEt subset 
into the CE1 target region. Also shown is the 
position of the scanning line, parallel to the CE1 
target region, but displaced medially by 5 p.m, 
along which a line scan was performed to as- 
sess the perturbations of the CE1 subset. 
(B) Optical sections illustrating the CE1 subset 
in sibling embryos that were cultured for 6 hr 
either in defined growth medium (top panel; no 
Fab), or in the presence of 40 nM CE1 Fab 
fragments (middle panel; CE1 Fab), or in the 
presence of 40 nM CE2 Fab fragments (bottom 
panel; CE2 Fat)). In the embryo cultured in the 
absence of Fab fragments, the targeting of the 
CE1 subset proceeded normally. In contrast, 
in the sibling embryo treated with CE1 Fab frag- 
ments, CE1 processes were massively scat- 
tered across the scanning line (arrow). The tar- 
geting of the CE1 subset was not perturbed 
in the embryo that was treated with CE2 Fab 
fragments. Bar, 5 pro. 
(C) Sibling embryos were cultured in the de- 
fined medium alone or treated with CE1 and 
CE2 Fab fragments. The number of processes 
leaving their target region in embryos cultured 
in the absence of Fab fragment was et to 
100%. There was a 544% _+ 162% (n = 8) 
increase in CE1 processes (black) leaving their 
target regions in the presence of CE1 Fab, and 
a 390% -+ 93% (n = 8) increase in CE2 pro- 
cesses (grey) leaving their target regions in the 
presence of CE2 Fab fragments. The CE1 sub- 
set was not perturbed by CE2 Fab fragments, 
and the CE2 subset was not perturbed by CE1 
Fab fragments. Asterisk, p < .05, student T test 
(2 tails). 
sensory afferents that had been formed just prior to the 
exper iment were replaced by tightly fasciculated tracts. 
However, with increasing age, sensory afferent projec- 
tions became less sensitive to the perturbation of man- 
nose-specific recognition (Zipser and Cole, 1991; Song 
and Zipser, 1995). Here, we investigate whether the devel- 
opmental ly delayed expression of subset markers plays 
a role in the second targeting step, during which sensory 
afferents assemble in their target region. As shown in the 
adult leech, in these target regions, sensory afferents in- 
termingle with the processes of central neurons with which 
they synapse (Fernandez, 1978). 
We investigated the developmental  role of the two sub- 
set carbohydrate markers, CE1 and CE2, in the targeting 
of their respective subsets in the structurally intact CNS of 
cultured leech embryos. The germinal plates of 11-day-old 
embryos were cultured in defined growth medium under 
conditions that permit sensory afferents to develop at 92% 
of their normal rate (Song and Zipser, 1995). Sibling em- 
bryos harvested from the same cocoon were experimen- 
tally manipulated with very low concentrations of different 
Fab fragments, multivalent sugars, and exoglycosidases 
during a 6 hr incubation period in defined growth medium. 
As additional controls, sibling embryos were cultured in 
defined growth medium alone. After the culturing period, 
the embryos were either stained for the larger CE1 subset 
or the smaller CE2 subset. 
The first line of evidence for the developmental  role of 
the subset carbohydrate markers came from antibody per- 
turbation studies. Embryos were cultured in the absence 
or presence of Fab fragments generated from CE1 and 
CE2 antibodies. We tested Fab fragments at concentra- 
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tions ranging from 10 to 100 nM For the perturbation ex- 
periments, we used an intermediate concentration of 40 
nM, which elicited strong perturbation effects. At higher 
concentrations, Fab fragments not only perturbed sensory 
afferent subsets but also began to stain them. When cul- 
tured in defined growth medium alone (Figures 3A and 
3B, top), the CE1 subset assembled densely in its target 
region as it normally does in vivo. However, the addition 
of CE1 Fab fragments led to a massive scattering of pro- 
cesses away from the CE1 target region (Figure 3B, arrow 
in middle panel). As a control for the specificity of the action 
of CE1 Fab, sibling embryos were treated with CE2 Fab 
fragments. The target assembly of the CE1 subset was 
not perturbed by CE2 Fab fragments (Figure 3B, bottom 
panel). 
The number of CE1 processes leaving their target region 
under the different experimental and control conditions 
was quantified. In the reconstructed digital image, a scan- 
ning line was positioned parallel to the CE1 target region 
but medially displaced by 5 I~m (Figure 3A). A line scan 
was performed to measure the change in pixel intensity 
caused by CE1 processes crossing the scanning line. To 
estimate the number of processes crossing this scanning 
line, the total pixel intensity was divided by the average 
pixel intensity caused by a single process crossing the 
scanning line. The treatment of embryos with CE1 Fab 
fragments led to a 5-fold increase in CE1 processes leav- 
ing their target region and crossing the scanning line (Fig- 
ure 3C). In contrast, the target assembly of the CE1 subset 
in embryos treated with CE2 Fab fragments proceeded 
normally, as in embryos cultured without Fab fragments 
(no treatment). To investigate the effect of the same two 
types of Fab fragments on the CE2 subset, a different 
group of embryos was stained with CE2 antibody. The 
application of CE2 Fab fragments led to a 4-fold increase 
in CE2 processes leaving their target region (Figure 3(3) 
as compared with the controls, whereas CE1 Fab had no 
effect. Thus, the target assembly of the two disjoint sub- 
sets can be manipulated separately by blocking the inter- 
action of their different carbohydrate markers. This sug- 
gests that each carbohydrate marker independently 
controls the target assembly of the neuronal subset by 
which it is expressed. This is the first line of evidence that a 
developmentally regulated subset carbohydrate markers 
mediate the second step in the targeting of sensory affer- 
ents. However, this evidence is not conclusive by itself 
because Fab fragments, being bulky molecules, could 
have sterically interfered with a functional domain located 
on the protein core of the 130 g!ycoproteins on which the 
carbohydrate markers are expressed (Bajt et al., 1990). 
To strengthen the evidence that carbohydrate recogni- 
tions mediate target assembly, we also manipulated the 
projections of two disjoint subsets with exoglycosidases 
and multivalent carbohydrates. To choose appropriate re- 
agents for these studies, we first needed information on 
the carbohydrate composition of the subset markers. To 
obtain preliminary evidence on the composition of these 
markers, we competed the binding of their respective 
monoclonal antibodies with different neoglycoproteins, 
which are monosaccharides linked multivalently to a car- 
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Figure 4. PerturbationofSensoryAfferentSubsetswithGlycosidases 
Sibling embryos were divided into f ur groups that were cultured in 
the absence of glycosidases or in the presence of 20 U/ml of either 
a-galactosidase, (z-glucosidase, or cellulase. After fixation, the em- 
bryos were either stained for the CE 1 or CE2 subsets. In the absence 
of glycosidases, the CE1 and CE2 subsets assemble normally in their 
target regions (A). The presence of a-galactosidase l d to both CE1 
and CE2 processes leaving their target r gions (arrows in B). The 
presence of mglucosidase only led to CE2 processes leaving their 
target region (arrow) but did not affect he targeting of CE1 processes 
(C). The presence of cellulase did not affect either subset (D). 
Bar, 5 I~m. 
rier protein such as bovine serum albumin (BSA). De- 
creases in antibody staining were due to neoglycoprotein 
binding to the antibodies, thereby preventing their binding 
to CE1 and CE2 subset markers. Previously, we found 
that monosaccharides do not block these antibodies (Bait 
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Figure 5. Quantification f the Perturbation ofTargeting by Neoglyco- 
proteins and Exoglycosidases 
For the enzyme perturbations (n = 7), sibling embryos were cultured 
in the presence of 20 U/ml of the following exoglycosidases: a-mannos- 
idase (a-Man), a-glucosidase (a-GIc), [~-glucosidase (~-GIc), 13-N-acetyl- 
glucosaminidase (~-GIcNAc), a-galactosidase (reGal), ~-galactosidase 
(13-Gai) or cellulase (Cell). For the neoglycoprotein perturbations (n = 
7), sibling embryos were cultured in the presence of 2 pM of the fol- 
lowing neoglycoproteins: mannose-BSA (Man-BSA), glucose-BSA 
(GIc-BSA), N-acetylglucosamine-BSA (GIcNac-BSA), galactose-BSA 
(GaI-BSA), or fucose-BSA (Fuc-BSA). Each experiment included an 
untreated control group (no treat.) of three sibling embryos cultured 
in the defined medium only. The sibling embryos were stained for 
either the CE1 (black) or the CE2 subset (grey). The number of pro- 
cesses leaving their target regions in the control embryos (no treat- 
ment) or in the experimental embryos was estimated by performing 
a line scan on optically sectioned embryonic CNS. 
(A) CE1 processes leave their target regions when embryos are treated 
with ~-galactosidase (by 481O/o -+ 95.5%) or galactose-BSA (by 
521O/o _+ 134O/o). CE2 processes(black)leave th ir target region when 
exposed to different glucosidases, uch as a-glucosidase (by 260% 
__. 65%), ~-glucosidase (by 212% - 17%), J~-N-acetylglucosamini- 
dase (by 2290/0 -+ 52%), and a-galactosidase (by 194O/o -+ 61°). 
(B) CE1 processes leave their target regions when embryos are cul- 
tured in galactose-BSA. CE2 processes leave their target region 
when embryos are cultured in the presence of glucose-BSA and 
N-acetylglucosamine-BSA, but not when cultured in the presence of 
galactose-BSA. 
et al., 1990). Here, embryos were briefly treated with either 
CE1 or CE2 antibody alone or with antibody that had been 
preincubated with different neoglycoproteins. The inten- 
sity with which the antibodies stained the CE1 and CE2 
subsets was quantified by measuring the pixel value of 
fluorescently stained processes in reconstructed digital 
images of the sensory neuropil. The staining of the CE2 
subset by CE2 antibody was strongly reduced by both 
glucose-BSA (a reduction of 63% _ 22%) and galactose- 
BSA (65% _ 23%), both applied at 20 I~M. The staining 
of the CE1 subset by the CE1 antibody was more strongly 
reduced by galactose-BSA (55% --+ 7%) than by glucose- 
BSA (46% -4- 9%), both applied at 50 p.M. The staining 
of neither subset was significantly reduced by mannose- 
BSA. Likewise, fucose-BSA did not reduce the staining of 
the CE1 subset, and cellobiosyI-BSA did not reduce the 
staining of the CE2 subsets. These data suggest that the 
developmentally regulated subset markers CE1 and CE2 
are located on hybrid or complex type carbohydrate 
chains, unlike the constitutive full-set marker, which, ac- 
; cording to similar sugar competition studies, is located on 
high mannose-carbohydrate chains (McKay et al., 1983). 
Mannose iS~ Carbohydrate residue that is characteristic of 
an early step inthe processing of N-linked oligosaccharide 
chains, whereas galactose and glucose are residues that 
are characteristic of hybrid or complex type carbohydrates 
generated during a later stage of oligosaccharide pro- 
cessing (Kornfeld and Kornfeld, 1985). 
Because of the preliminary evidence that the subset car- 
bohydrate markers are located on hybrid or complex type 
carbohydrate chains, we chose the exoglycosidases and 
neoglycoproteins that would perturb galactose and glu- 
cose-specific recognitions (Figure 4 and Figure 5). Glycos- 
idases and neoglycoproteins were found to elicit perturba- 
tion effects at concentrations of 20-100 U/ml and 1-8 ~M, 
respectively. For the sugar perturbations, we used multiva- 
lent carbohydrates instead of monosaccharides. Pre- 
viously, we demonstrated that CE0 processes are highly 
sensitive to mannose multivalently inked to BSA, whereas 
they are insensitive to up to 500 times higher concentration 
of free a-methyl mannoside (Zipser and Cole, 1991). Per- 
haps multivalent carbohydrates compete more effectively 
for binding with their putative carbohydrate- binding pro- 
tein because carbohydrate-binding proteins are often 
multivalent (Liener et al., 1986). To compare the sensitivity 
of the two disjoint subsets with these different reagents, 
glycosidases and neoglycoproteins were applied at 20 U/ 
ml and 2-4 ~M because higher concentrations led to re- 
ductions in antibody staining. 
As in the antibody perturbation experiments, sibling em- 
bryos were cultured in growth medium alone or in the pres- 
ence of different exoglycosidases, and were subsequently 
stained either for the CE1 or CE2 subset (Figure 4 and 
Figure 5). In the absence of enzymes, the two disjoint 
subsets assembled normally in their target regions (Figure 
4A). However, the presence of a-galactosidase led to a 
massive scattering of both CE 1 and CE2 processes away 
from their target regions (Figure 4B, arrows). In contrast, 
the presence of a-glucosidase only perturbed CE2 (Figure 
4C, arrow) but not CE1 processes. Likewise, only CE2 but 
not CE1 processes were perturbed by 13-glucosidase and 
13-N-acetylglucosidase (Figure 5A). Thus, the two subsets 
differed in their response to glucosidases but showed a 
common response to a-galactosidase. Neither subset was 
perturbed by a-mannosidase or cellulase. 
To obtain a third line of independent evidence that the 
second targeting step of the two subsets is mediated by 
carbohydrate recognition, germinal plates were cultured 
in the presence of neoglycoproteins (Figure 5B). Neogly- 
coproteins were applied to compete with endogeneous 
carbohydrate structures for putative carbohydrate-binding 
proteins, whereas in the two previous experiments, Fab 
fragments and glycosidases were used to block or modify 
the endogeneous carbohydrate markers. In agreement 
with our enzyme perturbations, mannose-BSA perturbed 
neither subset. Likewise, glucose-BSA and N-acetylglu- 
cosamine-BSA selectively perturbed the CE2 subset. 
Targeting Mediated by Carbohydrate Markers 
543 
A Day 8: Day 9: Day 11: 
Fasciculated Defasciculation, Target Assembly 
Growth Arborization of I subset 
B .rDaa;:;assembly o12 subsets 
Block C ~  
B,ooke , I |  .... L, 
normal ~ normal 
-Q i  ~1 
Failed Defasciculation Failed Target Assembly 
functions in a temporal sequence, two different carbohydrate markers collaborate inthe targeting 
neuronal connectivity. 
Figure 6. Hypothesis of the Sequential Carbo- 
hydrate Recognition Steps Leading to Neu- 
ronal Targeting 
(A) Newly born sensory afferents expressing 
their constitutive mannose-containing marker, 
CE0, track th rough the peripheral nerves (PNS) 
in a tightly bundled formation on embryonic day 
8. These axons enter the CNS on embryonic 
day 9, defasciculate, and arborize into their tar~ 
get region. This primary targeting step is medi- 
ated via a mannose-specific recognition i volv- 
ing CEO. Inhibition of the mannose-specific 
recognition leads to a failure in defasciculation 
and arborization. After a developmental delay, 
on embryonic day 11, a subset of sensory after- 
ents begins to coexpress agalactose-containing 
marker, CE1 (black). This subset now targets 
a discrete subregion. This secondary targeting 
step is mediated via a galactose-specific recog- 
nition involving CE1. Other processes (white) 
that are newly arriving in the CNS and lack a 
subset marker are still dispersed as separately 
extending projections. Inhibition of galactose- 
specific recognition results in failed targeting of 
the CE1 subset. Thus, by performing opposing 
of an axonal subset during the development of
(B) Diagramatic presentation of the target assembly of two subsets mediated by their respective carbohydrate markers on day 11. CE1 Fab 
fragments elicit he dispersal of only CE1 processes (black), whereas CE2 Fab fragments elicit the dispersal of only CE2 processes (grey). 
However, the application of galactose-BSA only signifi- 
cantly perturbed the CEI. There was no statistically signifi- 
cant effect on the CE2 subset. Neither subset was per- 
turbed by fucose-BSA. 
These data provide three separate lines of experimental 
evidence that the target assembly of sensory afferents in 
the sensory neuropil is mediated by carbohydrate markers 
situated on hybrid or complex type carbohydrate chains. 
Discussion 
We have combined cellular and molecular approaches for 
studying neuronal connectivity using the cultured embry- 
onic leech, a physiological system. We provide evidence 
that the targeting of sensory afferents entails a two-step 
process during which sensory afferents change their mo- 
lecular composition, biochemical interactions, and cellular 
behavior. The critical recognition events during the tar- 
geting of sensory afferents are performed by carbohydrate 
markers expressed on their cell surface. 
Figure 6A illustrates schematically our hypothesis on 
the molecular mechanisms underlying the two sequential 
steps of sensory afferent targeting. Processes drawn in 
white, belonging to recently born sensory afferents on 
days 8, 9, and 11, only express CE0, the mannose- 
containing full-set marker, and are therefore considered 
generic sensory neurons. After having tracked through 
peripheral nerves in tightly bundled axon tracts, generic 
sensory afferents defasciculate and arborize in the sen- 
sory neuropil. Previously, we showed that this first tar- 
geting step is mediated by mannose-specific recognition 
involving CE0, their mannose-containing full-set surface 
marker (Zipser et al., 1989; Zipser and Cole, 1991). Per- 
turbing rnannose-specific recognition inhibits the defasci- 
culation and arborization of sensory afferents; axons, 
newly arriving in the CNS, are prevented from defascicu- 
lating and arborizing, and as shown here, previous arbori- 
zations can be replaced by a fasciculated tract. During 
this first targeting step, the projections of sensory afferents 
are not noticeably sensitive to galactose-BSA (Zipser and 
Cole, 1991). Subsequently, as we report here, a subset 
of these sensory axons, shaded in black in Figure 6, coex- 
presses an ~-galactose-containing subset marker and as- 
sembles into a subregion of the sensory neuropil. This 
secondary targeting step is mediated by ~-galactose- 
specific recognition via its subset marker; perturbing 
~-galactose-specific recognition leads to the dispersion of 
the subset away from its target regions. Thus, the projec- 
tions of sensory afferents are transformed from a diffuse 
arborization to a structuralized pattern as their mannose- 
specific recognition is superceded by a-galactose-specific 
recognition. 
During the first targeting step, the inhibition of mannose- 
specific recognition leads not only to the refasciculation 
of sensory afferent processes, but also to the resorption 
of processes. Often, the posterior limb of the normally 
bifurcating primary sensory afferent axon is lost from the 
sensory neuropil, as demonstrated by staining sensory 
afferents for either their surface carbohydrate marker 
(Zipser and Cole, 1991) or for an internal marker (Zipser 
et al., 1989).. It remains to be seen whether during the 
second targeting step the inhibition of galactose-specific 
recognition only leads to the dispersion of the axons and 
branches away from their target region, or whether it also 
involves sprouting of new branches. 
For simplicity, Figure 6A shows the targeting of just one 
subset (in black). However, as we have shown that there 
are two subsets that arise contemporaneously, an ira- 
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portant question is how each subset assembles into its 
unique subregion in the sensory neuropil. Because the 
two subsets appear at the same time, the difference in 
their target assembly does not depend on developmental 
time. As illustrated in Figure 6B, our antibody perturbation 
data provides the first line of evidence that the assembly of 
the CE1 (black) and CE2 (grey) subsets into their different 
subregions is mediated by their respective subset mark- 
ers. Thus, CE1 antibody not only selectively stains the 
CE1 subset but also selectively perturbs it, and likewise, 
CE2 antibody both selectively stains and perturbs the CE2 
subset. Thus, these antibody are highly specific probes 
for the carbohydrate markers. 
Our enzyme and neoglycoprotein perturbations confirm 
the involvement of carbohydrate markers located on hy- 
brid or complex type carbohydrate chains. The sensitivity 
profiles of the CE1 and CE2 subsets to glycosidases and 
neoglycoproteins show both differences and commonati- 
ties. The sensitivity of CE1 subset to a-galactosidase as 
well as to galactose-BSA indicates that this subset assem- 
bles in their target via a-galactose-specific recognition. 
Candidate receptors for galactose-containing subset 
markers are the leech galectins (Cole and Zipser, 1994a, 
1994b). The sensitivity of the CE2 subset to a- and 
~-glucosidases and N-acetylglucosaminidase, as well as 
to glucose-BSA, indicates that glucose-specific recogni- 
tion plays a role in its target assembly. A commonality in 
the behavior of the two subsets is their joint sensitivity to 
~-galactosidase. However, in the case of the CE2 subset, 
treatment with galactose-BSA did not elicit a statistically 
significant effect. Perhaps ~-galactose-specific recogni- 
tion is only a minor component in the target assembly of 
the CE2 subset. 
The mechanism by which the subset markers are devel- 
opmentally regulated is not known. Previously, we pro- 
vided evidence that the CE1 and CE2 subsets, together 
with the small CE3 subset (which, according to our prelimi- 
nary data, appears at the same time), constitute the three 
major subsets to which most sensory afferents belong 
(Zipser et al., 1994). This finding suggests that many of 
the neurons that at first only express CE0 express one of 
the subset markers after a developmental delay. Because 
the subsets are only detected two days after sensory after- 
ents first innervate the neuropil, perhaps a signal regulat- 
ing the expression of new sensory afferent protein with 
different oligosaccharides emanate from central neurons, 
some of which become their future postsynaptic partners. 
In other systems, there are examples of target structures 
modifying the phenotype of presynaptic neurons (Ha- 
becker and Landis, 1994; Nawa et al., 1990). Perhaps the 
same holds true for the leech. 
During early embryogenesis, both the full-set and the 
subset markers are expressed on 130 kDa glycoproteins. 
The cross-reactivity of CE1 and CE2 antibodies with 130 
kDa glycoprotein immunoprecipitated with CE0 antibody 
suggests that a given 130 kDa glycoprotein may contain 
both the full-set and a subset marker (Bajt et al., 1990). 
However, these full-set and subset markers are present 
on different N-linked glycoconjugates, as indicated by pep- 
tide mapping studies. 
It appears that the interactions of leech sensory after- 
ents are exquisitely sensitive to small changes in the con- 
centration of carbohydrate markers, similar to other sur- 
face molecules (Hoffmann and Edelman, 1983; Mayford 
et al., 1992). Low concentrations of Fab fragments did not 
provide measurable immunocytochemical staining but did 
elicit perturbation effects, presumably by masking a small 
number of carbohydrate markers, making them unavail- 
able for their normal interactions. Likewise, low concentra- 
tions of glycosidases did not cleave enough terminal sac- 
charide from carbohydrate markers to lead to reduction in 
immunocytochemical staining but did elicit perturbations 
effects. Surprisingly, not only high concentrations of gly- 
cosidases but also of neoglycoproteins reduce antibody 
staining. One possible explanation for this effect could 
be that carbohydrate markers are down-regulated if their 
normal interactions with carbohydrate-binding proteins 
are blocked. Another explanation could be that carbohy- 
drate markers are capable of homotypic binding, as is seen 
in other systems (Misevic and Burger, 1993; Hakamori, 
1992) and therefore can bind neoglycoprotein, which then 
would interfere with antibody binding. 
Carbohydrates on the neuronal surface or in the matrix 
are now being associated with many different develop- 
mental events involving the regulation of cell adhesions or 
recognition. Highly acidic carbohydrates, such as sulfated 
proteoglycan, exercise a repulsive ffect by creating inhib- 
itory boundaries to axonal growth or by promoting neu- 
ronal migration, axonal extension, or branching (Brittis et 
al., 1992; Grumet et al., 1993; Wang and Denburg, 1992; 
Streit et al., 1993; Chou et al., 1986; Bonner-Fraser, 1985; 
Hall et al., 1993; K0nemund et al., 1988; Martini et al., 
1992; Rutishauser et al., 1988; Landmesser et al., 1990). 
Likewise, neutral carbohydrates, such as mannose, ap- 
pear to promote neuronal migration and axonal growth 
(Lehmann et al., 1990; Horstkorte et al., 1993). However, 
the functional roles of galactose and its derivatives are less 
well established. Because of their cell-type expression on 
different functional classes of neurons (Dodd and Jessell, 
1985; Riddle et al., 1993; Zipser et al., 1994; Streit et al., 
1985; Kivel&, 1992; Baird et al., 1993; Scott et al., 1990a; 
Sanes and Cheney, 1982; Scott et al., 1990b; Schwarting 
et al., 1992; Key and Akeson, 1991), they were postulated 
to play a role in pathfinding or targeting. There was experi- 
mental evidence for the guidance of chick retinal axons 
by galactose-containing glycoprotein (Stahl et al., 1990); 
likewise, molecules with apparently similar functional ac- 
tivity promote the branching of rat retinal axons (Roskies 
and O'Leary, 1994). However, these experimental studies 
were carried out in reduced systems by exposing ex- 
planted retinal neurons to brain membranes. The experi- 
mental evidence provided here, using the leech as a model 
system, is a demonstration of a physiological role of sur- 
face carbohydrates in neuronal targeting in the synaptic 
neuropil of a CNS. 
Experimental Procedures 
Specimen Preparation 
Hirudo medicinalis embryos were harvested from their cocoons (grown 
at 20°C), which typically contain 12-18 siblings, Epithelial envelopes 
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were opened by a dorsal incision to remove yolk and expose germinal 
plates, which were stretched out by pinning epithelial envelopes on 
UV-sterilized Sylgard-coated culture dishes (35 x 10 mm). Embryos 
were cultured at 20°C in 1 ml of the defined growth medium consisting 
of Leibovitz-15 (L15; Gibco, Grand Island, NY) with 1% ITS + (Collabora- 
tive Research, Bedford, MA), 1 nM nerve growth factor (Sigma, St. 
Louis, MO), 10 nM epidermal growth factor (Collaborative Research), 
and 10 mM potassium. 
Antibodies 
MAbs used here were generated either against homogenized leech 
CNS (Zipser and McKay, 1981) or excised gel bands with 130 kDa 
proteins extracted from leech CNS (Flaster et al., 1983). For single 
labeling, CE0 antibody (Lan3-2) was used as ascites fluid (1:1000), 
and CE1 antibody (Laz2-369) and CE2 antibody (Laz7-79) as superna- 
tants (1:20). For double-labeling, MAbs from ascitas fluids were biotin- 
ylated or directly conjugated to RITC or FITC (Molecular Probes, OR) 
(Harlow and Lane, 1988). For staining, fluorescently conjugated MAbs 
were used at concentrations of 1:100 (CE0 antibody) or 1:20 (CE1 and 
CE2 antibodies), and biotinylated MAbs at 1:200. 
For determining carbohydrate compositions of subset markers, 
FITC-conjugated CE1 or CE2 antibodies (1:40, L15) were preincubated 
for 12 hr with 50 p.M of different neoglycoproteins (Sigma). Freshly 
dissected germinal plates were treated for 3 hr with just MAb or with 
MAb that had been preincubated with different neoglycoproteins. 
Perturbations 
Monovalent Fab fragments (40 nM) rather than whole IgGs were used 
because the two antigen binding sites of a whole IgG can cross-link 
membrane surface molecules, eliciting perturbation effects by grossly 
distorting membrane topology. Fab fragments were prepared from 
the ascites fluid (Harlow and Lane, 1988). The concentration of Fab 
fragments was estimated assuming that 1 mg/ml of immunoglobulin 
has an absorption of 1.4 at 280 nrn, measured by spectrophotometer 
(DU series 62, Beckman). As determined on silver-stained SDS- 
polyacrylamide gel electrophoresis, Fabs have a molecular weight of 
55 kDa. 
Embryos were conditioned by a 6 hr preincubation period, because 
no significant sensory afferent growth occurs during the first 6 hr of 
culture (Song and Zipser, 1995). Sibling embryos of an l 1-day-old 
cocoon were divided into several groups that were cultured for an 
additional 6 hr in the absence of reagents (no treatment) or in the 
presence of Fab fragments, neoglycoproteins, or enzymes (Sigma). 
After rinsing, the embryos were fixed, and sensory afferent subsets 
were stained. 
Immunocytochemistry 
Embryos were fixed with 4% paraformaldehyde in 100 mM phosphate 
buffer (pH 7.4; 30 rain at room temperature) and postfixed with absolute 
methanol (15 min) and absolute xylene (5 min). Antibodies and avidins 
were diluted with phosphate-buffered solution/3% BSA/2% Triton 
X-100. All except the final rinsing step were carried out with the same 
buffer; for the final rinse, detergent was omitted. Embryos were incu- 
bated overnight with MAb, followed by biotinylated (Fab')2 (1:100; 
Dako, Carpenteria, CA) for 2 hr. For double labeling, embryos were 
first incubated overnight with one MAb, followed by RITC-conjugated 
rabbit anti-mouse IgG (1:100; Dako C0rp) for 2 hr. Anti-mouse IgGs 
were blocked with 100/o mouse serum (30 min), and embryos were 
incubated with the second, biotinylated MAb (4 hr), and avidin-FITC 
(1:600; Vector, Burlingame, CA) for 1 hr. Alternatively, embryos were 
treated with two different fluorescenUy conjugated MAbs, diluted into 
L15 (3 hr). Embryos were mounted with 70% glycerol to which saturat- 
ing levels of p-phenylenediamine (Sigma) had been added to prevent 
fading of fluorescence. 
Data Analysis 
Fluorescently stained sensory afferents were captured using a 100 x 
oil immersion Nikon objective (1.44 NA) and analyzed under the Odys- 
sey Real Time Laser Scanning confocal microscope (Noran Instru- 
ment; Madison, WI) equipped with Image-1 Software (Universal Im- 
aging, PA). For FITC, the excitation and primary barrier filters were 
488 and 515 nM, respectively; for RITC, the excitation and primary 
barrier filters were 529 and 550 nM, respectively. 
CNS neuropils were optically sectioned in 1 p.m increments. Projec- 
tions of sensory afferents were illustrated as reconstructed images 
that were formed by overlaying 12 serial sections. Sections devoid of 
stained processes were captured ventral to the sensory afferents' tar- 
get region and subtracted as background from the reconstructed im- 
ages using the "Graphic Function: Logic Function" of Image-1. The 
background substracted reconstructed images were used to analyze 
the blocking of antibody binding to the subsets and the perturbation 
studies. 
The blocking of antibody binding to axons with neoglycoproteins 
was quantified using the function "Brightness Measurement: Area 
Brightness" of Image-1. The intensity of fluorescent staining was mea- 
sured in the neuropil within a 10 x 20 p_m area (medial-lateral dimen- 
sion x anterior-posterior) centered on the anterior and posterior oots. 
Perturbations were quantified by estimating the number of pro- 
cesses that exit their target region by crossing its medial border. A 
scanning line (232 pixels long [20 p_m] and I pixel wide) was positioned 
parallel to the medial border of the CE1 target region, but displaced 
by 5 I~m. The pixel intensity due to the total number of processes 
crossing the scanning line was measured using the function of Image-1 
called "Brightness Measurement: Line Intensity Scan." The average 
pixel value due to a single process crossing the scanning line was also 
measured; typical pixel value representing the fluorescent intensity of 
a single stained process was 15.1 4- 0.77 (mean _+ SE; n = 45). To 
estimate the total number of processes leaving their target region, the 
pixel value of the entire scanning line was divided by the average pixel 
value of a single fluorescent process. It is assumed that the relation 
of number of processes and fluorescent intensity is linear because 
we operated below saturation. All statistics were performed by student 
t test (two tails). 
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